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Abstract

The Nevada Seismic Array (NVAR) is a small-aperture seismic
array designed for monitoring an eventual nuclear test ban treaty. In spite
of the 4 km aperture, large amplitude variations are recorded due to the
complicated local geology. This study takes advantage of the collocated
infrasound and seismic sensors to discuss the use of air-to-ground cou-
pled waves to characterize the shallow geological structure existing be-
neath the array.

Complex transfer functions between the infrasound and the corre-
sponding seismic signals are computed as the quotient of the cross-
spectrum of the infrasound signal and the seismic signal and the power
spectrum of the infrasound signal. Then the median of the transfer func-
tions for the sites where shallow geologic information is available is
compared to a theoretical model. In the theoretical approach, the signals
are modeled as instantaneous pressure loads propagating at sound speed
velocities (330 m/s). Both theory and observations are in agreement which
suggests that inverting the transfer functions to determine elastic proper-
ties of the medium, and eventually computing site effects, is possible.
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1. INTRODUCTION

Ground motion peak acceleration maps are used by engineers to design
earthquake resistant structures and to predict patterns of strong shaking from
large earthquakes. The damage from the 1994 Northridge earthquake showed
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irregular patterns across the Los Angeles area. Pockets of severely damaged
buildings were located within 1 km of largely undamaged areas. This differ-
ence in damage was attributed to differences in the local site responses.
Although the idea of high site amplification over short distances is widely
accepted, a significant work on the topic has started only recently.

Extensive work has been done on quantifying the local site effects, with
direct applications in engineering studies (seismic microzonation or predic-
tion of earthquake strong motion). The common practice is to find site am-
plification factors based on the average shear wave velocity for the top 30 m
of underlying materials (Borcherdt 1994, Boore and Joyner 1997). Engineer-
ing site investigations are usually limited to 30 m, and this has become a
standard depth for classifying the site characteristics. Borcherdt (1994) and
Martin and Dobry (1994) recommended that the design of structures be
based on properties in the upper 30 m.

There are alternate methods to derive site amplifications which were
widely studied and analyzed recently. The amplification factors are com-
puted from coda waves (Mayeda et al. 1991, Phillips and Aki 1986, Su and
Aki 1995) or from spectral ratio (Theodulidis et al. 1996, Castro et al. 1997,
Chen and Atkinson 2002, Siddiqqi and Atkinson 2002), while comparisons
among various techniques are discussed by Bonilla et al. (1997), Field and
Jacob (1995), and Riepl et al. (1998).

The focus of this paper is on using seismic and infrasound signals to
constrain near surface material properties. The first step is to detect the air-
to-ground signals, and this will be performed by employing a detection algo-
rithm based on the correlation coefficients between the infrasound and seis-
mic sensors. From the signals thus detected, an empirical transfer function
will be calculated and it will be matched with a theoretical pressure/velocity
relationship.

2. DESCRIPTION OF THE NEVADA SEISMIC ARRAY SITE EFFECTS

A small-aperture array, the Nevada Seismic Array (NVAR), was installed in
December 1998 by the Southern Methodist University (for details see
NVAR Certification Manual 1999). The location of the array was chosen
following the negotiations between a team of experts from the USA and
Russia. It was decided that one of the three-component stations be located in
the Black Butte mine, on the setting of the old MNV station for which his-
torical records of nuclear explosions are available. Although the array fulfills
its mission very well, to provide coverage for the Nevada Test Site (NTS)
(Tibuleac and Herrin 2001), the final location, in a very complex tectonic
and geological setting led to unusual site effects for a short-aperture array.
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The array consists of ten short-period GS13 vertical seismometers with
an aperture of 4 km (NVO01 to NV10) disposed approximately in two circular
alignments around a central station. An experimental infrasound array with
the designation NVIAR (Nevada Infrasound Array) is collocated with the
central short-period elements (NVO1, NV02, NV03 and NVO04). Three
broadband three-component accelerometers (KS54000) are disposed around
the array, forming an approximate equilateral triangle with the edge of
20 km (NV31 to NV33). With the exception of the NV31 and NV32, all the
elements of the array are located in approximately 13.3 m deep boreholes.
NV31 is located in the Black Butte mine, while NV32 is located in a deep
borehole, at a depth of 60 m. The present study will focus mainly on the
inner array (NVO01 to NV04), which has collocated infrasound sensors.

The large amplitude variations at NVAR are evident without any kind of
processing. Figure 1 shows the configuration of the short-period elements of
the array and raw data from a 5.7 magnitude event that occurred in Califor-
nia. All the traces are at the same scale. By far the largest amplitude is rec-
orded on channel NV04 (red trace), and in this particular case the variations
reach factor three. These variations can be attributed to the shallow geology
within the array. More than half of the stations are located in the Triassic
limestone (sites NV01, NV02, NV03, NV05, NV06 and NV10). Sites NV04

NV10 .' I limestone
NVO1 ‘ limestone NVO5

NV09 ' ‘ basaltic lava

limestone

limestone

NVOZ.‘ ' limestone

NV06 " " l limestone
NV08 granite
“I " NVO7 ' sandstone

Fig. 1. Regional waveform recorded at NVAR, array configuration. Site NV32 is
approximately 5 km south of site NV07. All the traces are shown at the same scale.
The red trace is NV04 which shows the largest amplitude. In this case, the variations
reach factor three. Colour version of this figure is available in electronic edition only.
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and NV09 are located in volcanic rocks of Tertiary age (volcanic tuff, very
variable in composition and texture and basaltic lava, respectively). Site
NVO07 is located in Jurassic sandstone (Dunlop Formation), while site NVO0S8
is located in metamorphosed granite of Cretaceous age (for additional geo-
logical information see Stewart 1980).

Both NV04 and NV09 (located in younger geologic rocks) exhibit fre-
quency dependent site amplifications, compared to any of the other sites of
the array. At lower frequencies (up to 0.5 Hz), the signals are very similar
and the amplitude variations are less than a factor of 2. However, above 1 Hz
(up to 4 Hz) channel NV04 exhibits much larger amplitudes than the rest of
the channels. In this frequency band, channels NV04 and NVO01, only 500 m
apart, have variations of up to a factor of 6. From 4 Hz to the antialias filter
frequency (16 Hz), NV09 exhibits the largest amplitude, being sometimes
more than one order of magnitude larger than the rest of the channels. No
significant dependency on the source azimuth and distance has been found
for these effects, which suggest the lack of any organized dipping structure
beneath the array.

3. CHARACTERISTICS OF AIR-TO-GROUND COUPLED WAVES

Seismic detections of infrasound waves were reported several times
(McDonald and Goforth 1969, Goforth and McDonald 1970, Sorrells et al.
1971a, b, 2002, Donn et al. 1971, Anglin and Haddon 1987, Langston 2004),
even if sometimes no infrasound sensors were employed. It is uncommon to
take advantage of the collocated infrasound and seismic arrays, though there
are advantages in using seismic data in combination with infrasound, par-
ticularly in source characterization and discrimination at lower magnitudes,
2.5-4 m;, (Sorrells et al. 1997, Herrin et al. 1998, 1999, Chilo et al. 20006,
Evers et al. 2007, Chilo 2008). In addition, for short-aperture seismic and
infrasound arrays, the estimated azimuths of infrasound arrivals are thought
to be more precise than the estimates based only on seismic arrivals, because
the seismic wavefront can be highly distorted by the geologic structure. At
the Texas Seismic Array (TXAR) located near Lajitas, Texas, the azimuths
of seismic arrivals show differences up to £20° in azimuth (Tibuleac and
Herrin 1997), due to a dipping Moho beneath the array. In contrast, for the
Columbia shuttle explosion which generated an infrasound signal, the esti-
mated azimuths of the all the arrivals were all within £1.5° (McKenna and
Herrin 2006).

Early papers reported a correlation between changes in magnitude of the
seismic and atmospheric pressure fields (Capon 1969a, b). Later it was de-
termined that local fluctuations in the atmospheric pressure field can contri-
bute significantly to the vertical seismic background noise, especially if the
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seismic sensor is located in low-density, slow seismic velocity layers (Sor-
rells 1971).

McDonald and Goforth (1969) and Goforth and McDonald (1970) dis-
cuss the seismic effects of the sonic boom. In their study they employed col-
located seismic and infrasound sensors. They found that the ground particle
velocity is linearly related to the maximum pressure of the boom and to the
geological properties of the ground. They also reported the presence of
a precursor before the arrival of the maximum velocity which was always
present when the velocity of the compressional wave in the ground was
greater than the velocity of the aircraft (which gives the velocity of the
N wave). Their interpretation suggested that the maximum particle velocity
is associated with the passage of the N wave, and the smaller precursors are
produced by air-coupled Rayleigh waves. Recently the air-coupled Rayleigh
waves precursors were successful modeled as “bow waves” originating at
the advancing tip of the shock front trace (Sorrells ef al. 2002).

A different approach was taken by Langston (2004) who computed syn-
thetic seismograms to model the seismic ground motion caused by a bolide
shock wave and concluded that the ground motions are generally confined to
a near-surface layer of approximately 10 m, and they behave like high fre-
quencies “leaky” and “locked” mode Rayleigh waves. He also suggested that
the ground motions are not sensitive to the deeper earth structure, at least not
in the Mississippi embayment.

4. DATA AND DATA PROCESSING

The seismo-acoustic signals (Fig. 2) were detected by estimating the correla-
tion coefficients at zero lag between seismic and acoustic envelope functions
for a sliding 10-second window. Because a shorter window yields higher
correlation coefficients for seismic and infrasound noise, a tradeoff between
window length and correlation threshold was achieved. The time length of
most signals, which in general do not exceed a few seconds, was also taken
into account. Empirically, a 10-second window and a detection threshold at
0.5 gave good results (Fig. 3). Typically the noise for such a window length
has correlation coefficients that range from —0.3 to 0.3 while signals with
good signal-to-noise ratio (SNR) have correlation coefficients above 0.5.
The maximum correlation coefficient was 0.99, for a signal recorded on
channel NVO04. A detection was declared if there were correlation coeffi-
cients above 0.5 for at least three stations. With three stations, the backazi-
muth and the phase velocity can be computed. Although this method works
well for NVAR, it is not expected to work in the same way for all stations in
the western US, but a similar approach can be used to make a detector at
each particular array (or site). Most of the signals detected at NVAR have
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Fig. 2. Examples of air-to-ground coupled waves. The unit for seismic channels is
nm/s, for infrasound is Pa. Shown here are the sites NVO01 to NV04. Colour version
of this figure is available in electronic edition only.

a dominant frequency around 2 Hz, well above the microbarom peak.
Although a significant number of air-to-ground coupled signals were de-
tected, due to low signal-to-noise ratio only 109 signals were selected for
processing.

An important observation from Fig. 2 is that the infrasound arrivals ex-
hibit significant phase and amplitude differences, in spite of the fact that the
stations are only 500 m apart. Therefore, in the absence of infrasound sen-
sors it is very difficult to extract quantitative information about the geologic
structure. Infrasound signal decorrelation with distance is under investiga-
tion, but it appears that the infrasound signals are decorrelating faster than
seismic signals.

For the signals detected and selected for processing, complex transfer
functions were computed for the collocated infrasound and seismic channels.
Transfer functions are the link between pressure signals and ground motions;
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Fig. 3. Detection of seismo-acoustic signals. Colour version of this figure is available
in electronic edition only.

they tell us how much ground motion is generated at a particular frequency
for a given pressure signal. The whole air-to-ground coupling process could
be regarded as filtering with a linear filter, where an input signal (the pres-
sure signal) is filtered by the medium response to obtain an output signal (the
seismic signal). What we need to find is the medium response (or the filter).
The transfer functions were computed as the quotient of the cross-spectrum
of the input signal (infrasound signal) and the output signal (seismic signal)
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and the power spectrum of the input signal (infrasound signal). The approach
makes use of Welch’s averaged periodogram (Welch 1967) method. The
length of each block was 64 points (1.6 seconds). The individual blocks in
each sample record were overlapped by 50% and a Hanning window was
used to reduce the variance of the estimate. Due to the short duration, the
signals were also prewindowed using a Parzen window.

The magnitudes of the transfer functions have approximately similar
shapes for the four channels (Fig. 4) with a certain amount of scatter for the

Seismo - Acoustic Transfer Functions

Transfer Function (nm/s / Pascal)

Frequency (Hertz)

Median of Transfer Functions

Transfer Function (nm/s / Pascal)

Fig. 4. Magnitudes of the transfer functions for the 109 signals selected for
processing (upper plot), and the median of the transfer functions (lower plot). The
increase above 5 Hz is due to P reverberations and P to S conversions in the very
shallow layer. The approximately flat part of the spectrum up to 4 Hz is modeled as an
atmospheric load. Colour version of this figure is available in electronic edition only.
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low energy signals. The transfer functions are approximately flat to veloc-
ity/pressure up to 5 Hz, after which they start increasing. However, as ex-
pected, the magnitudes depend strongly on the site conditions. NV01 and
NVO03 are approximately at the same level, the median value for a 1 Pa pres-
sure signal being 60 to 80 nm/s ground velocities for the flat part of the spec-
trum. At NV02, the ground velocities are more than 300 nm/s, while at
NV04 the median ground velocities are on the order of 1200 nm/s, for the
same 1 Pa pressure amplitude signal.

This increase above 5 Hz is represented by P reverberation and P to SV
conversions in the shallow layers (approximately 10 m deep), with a me-
chanism similar to the one suggested by Langston (2004). However, in our
case the short period vertical seismometers are located in approximately
13.3 m boreholes and coupled signals are recorded (though much attenuated)
even by the broadband accelerometers located in competent granite at a
depth of 60 m (station NV32). Therefore, the mechanism of coupling ap-
pears to be dominated by two effects: at low frequencies we model the am-
plitudes of the ground motion as instantaneous load, while at the high
frequency the ground motions can be modeled with the approach suggested
by Langston (2004). From a wavelength point of view, the lower frequency
components of the signals have longer wavelength, and are insensitive to the
finer structure, while the higher frequencies are sampling the shallower
structure.

5. THEORETICAL ASPECTS

Sorrells (1971) was the first to derive an expression for the displacement
ground response to a plane pressure wave, and a similar model slightly
modified is adopted. The model is presented in detail in the Appendix, there-
fore only a brief discussion of it will be provided here.

The medium is approximated by a homogeneous and isotropic elastic
half space. However, the velocity of the source wave (noted as c) is different.
The original model (Sorrells 1971) was developed using wind speed veloci-
ties, much lower than the actual elastic velocities of the medium and the dis-
placements were solved by approximation, finding the limit of the terms
containing ¢”. In our case, the speed of the plane wave is the velocity of
sound in air (around 330 m/s), much higher than the wind speed velocities,
and even exceeding the shear wave velocity of the low-speed materials.
Therefore, it is necessary to take into account all the terms. The final expres-
sion for the displacement response to a plane pressure wave is given in rela-
tions (9) and (10) from Appendix. These two relationships were used to
compare the observed and the calculated velocities. It is also worth noting
that in the previous studies the theory was compared with long period obser-
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vations, generated by nuclear explosions, while in our case the signals are
mostly high frequency, above 2 Hz.

The displacement relationships (egs. 9 and 10 in Appendix) are depend-
ing on the material properties of the medium, have a 1/® dependency and a
n/2 phase shift between the horizontal and vertical displacements, similarly
to Rayleigh wave displacements. Beside the trivial solution there are 3 zeros,
one for the vertical displacements and two for the horizontal displacements.
The zero for the vertical velocities is reached when the velocity of the pres-
sure waves equals the compressional speed velocity of the medium. This is
actually the point where the polarizations of the induced waves change. All
the infrasound signals used in this study have normal sound speed, below the
compressional wave velocity of the medium. Therefore, the polarizations
were not tested here, but changes in polarizations were observed for the
ground motions induced by Arkansas bolide (Langston 2004). The other two

zeros are reached for very high ¢ values, ¢ =+a? / \J—a* +44% , which can-

not be reached in a real physical model. Also note that when the velocity of
the pressure wave exceeds the shear wave velocity of the medium, an addi-
tional phase shift is introduced.

6. DISCUSSION

To determine the physical properties of the medium necessary to compute
the ground velocities, seismic refraction studies were conducted at sites
NVO01 and NV04 using a portable 12-channel EG&G seismograph and a
BETSY seisgun seismic source. At NVOI the spacing of the geophones was
5 m, and the source was placed at 5 m offset. The medium increases gradu-
ally with depth in the upper 4 m from a very soft material (P-wave velocity
of 457 m/s) to 2032 m/s at depth (Fig. 5). In addition, a shear geophone was
lowered in the hole of the GS13 seismometer and an average velocity of
1520 m/s for the upper 12 m (the depth of the seismometer) was found. By
weighting the velocities obtained through the seismic refraction survey with
the layer thickness and then taking the average, an average value of
1507 m/s was obtained, close to the real result; therefore, the model appears
to be accurate. The very soft nature of the upper layer could be observed on
the first trace of the refraction profile, where the pressure wave arrives be-
fore the direct P wave.

A similar refraction survey at site NV04 (5 m spacing with 5 m offset)
did not yield good results and the spacing of the geophones was increased to
10 m. The final model is composed of a layer over half space. The P-wave
velocity of the upper layer is 570 m/s and has a thickness of approximately
30 m, and then the velocity increases to over 1800 m/s for the half space.
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The theoretical velocities were computed using relationships (9) (which
includes the depth term, z) and (10) (which give the displacements at the sur-
face) from Appendix multiplied with iw to account for velocity and assum-
ing values for the Poisson ratio necessary to compute shear velocities and
elastic constants of the medium (Fig. 6). The shear wave velocity was com-
puted assuming a 0.3 value for the Poisson ratio for both sites, and the densi-
ty of the medium was assumed to be 2.75 g/cm’® for NVO1 (limestone) and
2.0 for NV04 (volcanic tuff). Good agreement with the observation was ob-
tained for a P-wave velocity of 570 m/s for NV04 with no depth term and for
1975 m/s (close to the measured velocity), with a depth term of 12 m for
NVO1 (Fig. 6).

An interesting problem is how these signals attenuate with depth. The at-
tenuation is frequency dependent, but it is also dependent on the medium
properties (eqgs. 9 from Appendix). The median of the transfer functions at
NVO1 shows a small decrease in the ground velocities from about 80 nm/s
close 1 Hz to around 60 nm/s at 5 Hz. This decrease could be explained by
introducing an attenuation term if we consider the depth of seismometer
(approx. 12 m).

The attenuation with depth is best illustrated at site NV32 located in Gar-
field flats, in a homogeneous granite. Site NV32 is a KS54000 borehole
accelerometer situated at a depth of 60 m. Because of the greater depth and
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Fig. 6. Median of the transfer functions (filled diamonds) and computed velocities
for sites NVO1 and NV04 (solid lines). Colour version of this figure is available in
electronic edition only.
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the frequency content of signals, only a few of the large signals are observed
on the seismometer. However, it is the only site which approaches the half
space approximation. The Poisson ratio for such a medium is close to 2.5
and the P-wave velocity is at least 5800 m/s. Some infrasound signals with
amplitudes of around 1 Pa on the infrasound sensors (amplitudes measured
at NVO1 to NV04) generated more than 20 nm/s* of ground motion on
NV32. The computed ground accelerations were over 100 nm/s” at the sur-
face for a 1 Pa amplitude pressure wave, while including an attenuation term
the ground accelerations are 30 nm/s”, which is well within the range of the
observations. The most important disadvantage at this site is the lack of an
infrasound sensor and there is no way of knowing whether the infrasound
signal shown in Fig. 7 is weaker or stronger at site NV32, but even a weaker
signal could not explain almost a factor of 4 in attenuation. Therefore, same
decaying is due to the depths of the seismometer.

An application of these signals could be found by estimating site effects.
An empirical approach would not work as the median spectral ratio
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Fig. 7. Example of air-to-ground coupled waves at NV32. Site NV32 is located in
granitic rocks at a depth of 60 m. The upper 4 traces (sd symbols) are the infrasound
waveforms, the middle 4 traces (sz symbols) are the corresponding short-period
waveforms, and the last three waveforms are observed vertical (bz) and horizontal
(bn and be) ground motion components at site NV32.
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NV04/NVO01 of the purely seismic phases shows variations less than 4 in the
1-4 Hz frequency band, while the median ratio of the transfer functions
shows variations more than one order of magnitude. In the standard ap-
proach proposed by USGS, site effects are estimated by using average shear
wave velocity for the upper 30 m of the medium (Borcherdt 1994, Martin
and Dobry 1994, and Boore and Joyner 1997). Therefore, accurate site ef-
fects could be obtained from air-to-ground coupled waves by inverting the
transfer functions for average shear wave velocity (assuming values for the
Poisson ratio) and then computing site effects. Both the observations and the
theoretical approach suggest this is possible.

APPENDIX

In this Appendix we will derive an appropriate relationship for displace-
ments in a isotropic and homogeneous half space due to a moving atmos-
phere load. The methodology is similar to the Sorrells (1971) approach, but
certain modifications are required, and will be discussed in the text.

In a Cartesian coordinate system (x, y, z) we restrict movement only in x
and z directions, therefore all the y components of the motion are null. Then
the horizontal and vertical displacements can be written in terms of the po-
tential functions @(w) and Y(w) as

oD 0¥ oD 0OV
U=——"0mH-r- s WE—+——, 1

ox Oz 0z Ox

where the Heimholtz potentials can be written as
a)Z
D(w) = Aexp| (@t —kx)—z,[k*> —— |,

a

2

¥(w)=B exp{i(a)l—kx)—z /kz _w_j} ,
a

where a is the compressional velocity of the half space, £ is the shear veloc-
ity of the half space, w is the angular frequency, 4 and B are constants to be
determined from the initial conditions, and & is the wavenumber of the plane
wave moving with the velocity ¢ (k= w/c).

It can be shown that @(w) and ¥(w) satisfy the wave equation:
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Then the vertical and horizontal stresses can be written as
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A plane pressure wave moving with the velocity ¢ can be written as
. X
P(w)=F, exp {10)@ ——ﬂ , %)
C

where P, is the amplitude of the pressure wave.

The initial conditions require that the horizontal stress vanish at the sur-
face (z = 0) and the vertical stress is equal to the stress generated by the load.
Therefore, from relations (4) and (5) we have:

o’ otw
=AVO+2u —+—— | = P(w),
D /{ e 6x82] (o)

_ |0 v v
ol e o o '

(6)

The resulting system has two unknown and two equations. Solving the sys-
tem for 4 and B we obtain:

A= o ,
1 1 1 1
4ﬂ2ya)2\/— — -
2;1(02 B (/1+2y)a)2 2 at\c? ﬂz
? a? cz—2ﬂ2
(7
1 1
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This result is replaced in eq. (2) and the potential functions can be written as

cz}’oaz(cz - Zﬂz)expl:i(a)t —kx)-zo ,Lz —12}
¢«

D= s
w2{2a2(cz—2ﬂ2),u—c2(c2—2ﬂ2Xi+2y)+4cza2ﬂ2y\/12—12\/12—12}
¢ at\eo B
®
.35 201 1 . 1 1
2ic’Ra” B — 5 expli(r —kx)-zo |- ——
w ¢ a ¢ p

a)z[(cz —Zﬂz)[— 2a2,u +c2(/1 + 2,u)] —4c2052,6’2,u\/012—0:2 \/clz_/;z}

then the displacements can be computed from relation (1). The final form of
the displacements is in eqgs. (9) and (10):

. 1 1 1 1 1 1 /1 1
1cif]a2{exp[za) c:2_ﬂzj(cz_zﬁz)Jrzczex{zw\/cz_az}gz\/cz_az\/(32_,[}’21
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X eXpI:l(C(I—]OC)—ZCO c—z—? C—z—F:l N

(€))
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c2poa2 /?_y Zexp[za) ’cz_azJﬂz +exp[za) ’Cz—ﬁzj(ckzﬂz)]
W — L
1 1 /1 1
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In the original derivation of the formula (Sorrells 1971) velocity ¢ is very
small compared to the shear or compressional wave velocity of the medium
and the expression was considerably simplified. In our case, the velocity is
approximately constant and is equal to the velocity of sound in air
(¢ =330 m/s), and can even exceed the shear wave velocity of the medium
for the soft materials. Therefore, all the terms need to be taken into account
in the computation of the displacements. In addition, the observations used
to match the theoretical displacements were long period recordings below
1 Hz, whereas the present study uses signals with dominant frequency
around 2 Hz.
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